A study was undertaken to investigate whether appropriate environmental planning and design techniques have the potential to reduce Lyme disease transmission in the landscape. The ecology of infectious diseases, using Lyme disease as a case study, was investigated to determine critical interactions between infectious disease and humans in the landscape. Knowledge of the life cycle of the disease's hosts revealed the critical times and places where interactions, and possible infections of humans, are most likely to occur. This information was incorporated into a decision tree framework and a landscape features checklist that will allow landscape planners and designers to determine approaches that will minimize the risk of infection in humans. A series of planning, design, and management guidelines were developed, and their application should assist in lowering the likelihood of humans contracting Lyme disease in the landscape.
Introduction
The interrelationship between human health and the natural environment has long been noted. In the medical fields, a holistic view of the patient that included environmental factors was characteristic of the methods of Hippocrates (ca. 400 BCE) and his followers (Lyons and Petrucelli, 1987) . Early designers were also aware of the association between environment and health. For example, Roman architect Vitruvius (ca. 100 BCE) recommended not building near marshy areas. It is now understood that many pathogens causing serious illness are transmitted by mosquitoes, which have aquatic larvae and therefore breed near bodies of water.
Two developments related to health and the environment occurred near the end of the 18 th century: the advent of medical geography and the introduction of the germ theory of disease (Meade et al., 1988; McMichael, 1993) . Medical geographers studied issues of human health on a regional or landscape scale. They were among the first to associate disease with geographical localities and landscape features, using maps upon which they plotted instances of disease in order to observe patterns of occurrence. Meanwhile, germ theory revolutionized the practice of western medicine, paving the way for a new biomedical view of health that relied on disinfection, vaccination, and curative drug therapies (McMichael, 1993) . The increasing specialization that came with rapid advancements in medical understanding led to a philosophical approach to health that was centred on curing the disease. This view continued well into the 20th century as great scientific advancements continued to be made, including the advent of antibiotics and effective pesticides. Both of these were used extensively to combat infectious diseases, initially with almost universal success. By the second half of the 20th century problems such as antibiotic resistance were beginning to appear. In response to these challenges, scientists began to investigate novel ways of controlling the spread of disease, including investigations into the ecology of the infecting organisms (Dubos, 1965) . Throughout history, infectious diseases have been responsible for a large proportion of human suffering and mortality. At present, infectious diseases are responsible for at least 37% of deaths worldwide (Real, 1996) . This figure probably underestimates actual mortality, as many deaths are attributed to secondary causes brought on by infectious diseases (Platt, 1996) . While infectious diseases are often thought of as problems that are limited to developing nations, deaths due to infectious diseases increased by 58% in the United States between 1980 and 1992 (Pinner et al., 1996) .
The impact of infectious diseases on human health is underscored by the emergence of new infectious disease threats such as Lyme disease. Lyme disease (a tick-borne bacterial infection) occurs throughout most of the northern hemisphere (see Fig. 1 ) being transmitted by a different vector in each geographical area. In the last two decades Lyme disease has emerged as an important infectious disease in North America.
Lyme disease is the most commonly reported arthropod-borne disease in the US (Barbour and Fish, 1993) , accounting for 95% of all reported vector-borne illness. In the US, a total of 16,273 cases of Lyme disease were reported to the Centers for Disease Control (CDC) in 1999 (National Center for Infectious Diseases, 1999) . The disease is prevalent throughout the eastern seaboard of the US and is endemic to parts of the Midwest, the west coasts of the US and Canada, and the southernmost regions of Ontario (e.g. Long Point). The range of the tick vector, and as a consequence Lyme disease, is expanding (Anderson et al., 1990) . Residents of endemic areas often exhibit a high degree of anxiety concerning the possibility of contracting Lyme disease and fear of the disease has resulted in a decrease in the use of parks and recreation areas in affected regions (Barbour and Fish, 1993) . Although Lyme disease is rarely fatal, it can cause varying degrees of disability in infected individuals. The immediacy of concerns related to Lyme disease, and the connection with landscape architecture, make Lyme disease an appropriate example for this study.
Any alteration of the environment, whether natural or as a result of human activity, has the potential to impact the transmission of infectious diseases such as Lyme disease. Landscape development alters ecosystems, and therefore disrupts the balance between pathogens and their hosts, often favouring the outbreak of disease (Platt, 1996; WHO, 1980; Lederberg et al., 1992; Walsh et al., 1993; Dobson and Carper, 1996) . A large number of infectious diseases have been associated with some type of environmental disturbance. Some of the best-known diseases, and the environmental factors with which they are associated, are listed in Table 1 .
Vector-borne infectious diseases (i.e. those transmitted indirectly by organisms such as insects) and those associated with water are most directly connected with environmental management. This work focuses on Lyme disease, a vector-borne disease, but it should be noted that there is also tremendous potential for landscape architecture to have a positive impact on water-borne infectious diseases worldwide.
Vector control is one of the main techniques for reducing the incidence of serious vector-borne diseases. Vector control can be achieved in a number of ways, including the area-application of pesticides, behavioural modification on the part of humans in affected areas (e.g. the wearing of protective clothing, or avoidance of high-risk areas), and the use of vaccines, biological control, and environmental management. Due to concerns about the safety of widespread use of pesticides, and the inefficacy of behavioural modification and vaccine use, environmental management can provide a preferred method of vector control. Environmental management can involve a number of different types of environmental modification and manipulation (Table 2) .
It is becoming increasingly clear that environmental management through appropriate planning and design, when used in concert with other control measures, can be an integral component of strategies aimed at reducing the prevalence of infectious diseases (WHO, 1980) . Nobel laureate J. Lederberg (Lederberg et al., 1992) has stated that "environmental changes probably account for most emerging diseases" (p. 42). Further, he attributes the emergence of these new disease threats to environmental factors such as economic development and the associated changes in land use patterns. The US Public Health Service (1994) ascribes the emergence of many infectious diseases to "changing ecological conditions that increase (human) exposure to insect vectors, animal reservoirs, or environmental sources of novel pathogens" (p. 7). As an example, climate change has been identified as a major factor influencing the emergence or re-emergence of infectious diseases such as babesiosis, cholera, Lyme disease, typhus, malaria, yellow fever, and dengue fever. These and other vector-borne diseases are affected by changes in rainfall, temperature, and other weather variables that can alter the viability or reproductive success of the vector (Gubler et al., 2001 ).
There is widespread recognition in the design professions that landscapes influence psychological health (Gerlach-Spriggs et al., 1998) . In addition, there is a growing awareness of the adverse effects that air-borne pollutants, poor air circulation in buildings, and the presence of heavy metals (Bridges, 1989) and other toxins in the environment can have on human health. However, landscape architects in general have not yet included the landscape's influence on disease transmission as a major part of their planning and design process, despite the profession's integral role in the modification and manipulation of the environment. One of the few direct references to physical health and landscape architecture was made more than 30 years ago by McHarg (1969) when he referred to the importance of including measures of physical health, along with measures of social and mental health, when evaluating environments.
The growing awareness of the effect of landscape characteristics on infectious disease transmission has led to this investigation into whether appropriate environmental design has the potential to influence the level of Lyme disease transmission in humans. Lyme disease was selected as a case study because of the recent emergence of this disease in North America and because of the demonstrable relationship between Lyme disease incidence and landscape features. The approach to this study was that of integrating and applying previous research, with the goal of developing a framework for the integration of Lyme disease prevention measures into the landscape planning and design process. In order to achieve this goal, the ecology of Lyme disease was investigated and a checklist of landscape features related to Lyme disease transmission was compiled. In addition, a generic decision tree was developed to be used as a tool by decision makers in the planning and design process. A long-term goal of this project was to expand the use of the decision tree to incorporate other infectious diseases influenced by landscape characteristics. The development of a generic decision tree thereby allowed for the flexibility to apply this approach to other diseases. When combined with a landscape features checklist specific to Lyme disease ecology, the generic decision tree was made applicable to the problem of Lyme disease.
Lyme disease cycle and transmission
Although the disease was first identified in 1883 (Burgdorfer, 1993) it was 1981 before the spirochete Borrelia burgdorferi (a corkscrew shaped bacterium) was confirmed as the cause of Lyme disease (Burgdorfer, 1993) . In 1982, the year that Lyme dis ease surveillance began in the US, there were 491 cases reported. In 1999 there were more than 16,000 cases reported in the United States.
The transmission of Lyme disease is restricted to ticks of the Ixodes ricinus complex (Dennis, 1993) . In eastern North America, the tick vector is the black-legged tick (Ixodes scapularis formerly Ixodes dammini), the range of which is expanding (Anderson et al., 1990; Barker et al., 1992) .
The spirochetes that cause Lyme disease "do not live in water, soil, or plants and are not transmitted by aerosols or fecal contamination" (Barbour and Fish, 1993, p. 1612) and humans are only accidental hosts. When an infected tick feeds on a host animal, the bacteria migrate to the salivary glands (Anderson and Magnarelli, 1993) , from where they are transmitted to the host.
Black-legged ticks have a three-host life cycle (Fig. 2) that is approximately 2 years in duration and incorporates three blood meals, one for each of the larval, nymphal, and adult stages (Sonenshine, 1991) . Ticks transmit the spirochetes through their saliva while feeding and the likelihood of transmission increases with feeding duration (Mather, 1993) . Infected ticks must remain attached for at least 48 h to transmit the spirochete (after which time about 50% of ticks transmit the infection), with almost 100% of infected ticks transmitting the infection to their host after 72 h of attachment (Mather, 1993) .
Peak activities of the different life stages of the tick occur at different times of the year. Larvae hatch predominantly during mid-summer (July to early August), at which time they begin host-seeking (Anderson and Magnarelli, 1993) . Larvae are tiny (about the same size as the period at the end of this sentence) and actively disperse no more than about 3m from where they hatch (Daniels and Fish, 1990; Stafford, 1992) . They feed predominantly on small mammals, the white-footed mouse (Peromyscus leucopus) being one of their major hosts (Godsey et al., 1987; Anderson, 1988; Mather et al., 1989) . Other hosts for the larvae include chipmunks, shrews, squirrels, voles, and ground-dwelling birds, larvae having been reported to feed upon at least 27 species of mammals, and 36 species of birds (Anderson, 1988) . Once fed, the larvae drop to the ground and moult (either immediately or the following spring), emerging as nymphs which begin host-seeking in the late spring and early summer (late May to early July) (Anderson and Magnarelli, 1993) . Nymphs are approximately the size of a poppy seed (Ostfeld, 1997) and feed upon as many types of hosts as do larvae. Nymphs have been reported on at least 25 mammalian and 44 avian species (Anderson, 1988) with white-footed mice again being the major host at this stage. Following their blood meal, nymphs drop to the ground and moult into adults (Anderson and Magnarelli, 1993) .
Adult ticks seek hosts from mid-October to mid-November, on warm days throughout winter, and again in early spring of the following year. Adults feed on a much smaller variety of hosts than do the larval and nymphal stages. Adults are known to feed on only about 13 different species of mammals (Anderson, 1988) . The major host for adult ticks throughout much of their range is the white-tailed deer (Odocoileus virginianus), although other medium to large-sized mammals are also parasitized (Piesman et al., 1979; Anderson and Magnarelli, 1980; Wilson and Spielman, 1985) . Once feeding is complete, female ticks drop to the ground, and, in May, lay a mass of hundreds to thousands of eggs, which hatch into larvae later in the season (Ostfeld, 1997) .
The prevalence of infection in ticks apparently varies widely among populations in different geographical locations, based on the wide range of reported percentages, but one study (Ostfeld, 1997) reported that 25-35% of nymphs, and 50-75% of adult ticks in Lyme disease endemic areas were infected with B. burgdorferi.
One bite from an infected tick is sufficient to infect the host (Mather, 1993) . The nymphal stage is most commonly implicated in the infection of humans. This is likely because nymphs are much smaller than adults and are more likely to be overlooked. Also, the nymphal life stage is most active during the peak season of human outdoor activity (May to June). Transovarial transmission of the spirochete (from an infected mother to her offspring) is quite low (less than 1%), so few larval ticks are infected. Adult ticks are most active during the fall and winter, when humans are less likely to encounter them. Most management strategies and disease-risk forecasting measures target the nymphal stage of the tick.
The ecology of Lyme disease
The major hosts for the Lyme disease vector are white-tailed deer (adult ticks) and white-footed mice (nymphal ticks). Because of the fact that black-legged ticks do not actively disperse more than a few metres in any life stage, their habitat associations and dispersal patterns are predominantly determined by those of the main hosts. Therefore, black-legged ticks and Lyme disease are typically encountered in areas that provide habitat supporting populations of white-tailed deer and white-footed mice. Tick-infested deer have been shown by researchers using GIS to be associated with deciduous woodland, and with the sandy soil found along river courses (Kitron et al., 1991) . Similarly, residence in close proximity to deciduous woodlands has been demonstrated to be highly correlated with the contraction of Lyme disease in humans (Glass et al., 1992) . The Lyme disease vector I. scapularis and its hosts are known to inhabit primarily forested areas, with the two most important host species preferring edge habitat and thriving in disturbed landscapes (Frank et al., 1998) .
These findings indicate that the reforested landscape characterizing much of the area currently affected by Lyme disease is the major underlying factor contributing to the disease's emergence. Early explorers and colonists in the northeastern part of what is now the United States reported heavy tick infestations and an abundance of deer in the native forests, conditions favouring the enzootic transmission of the Lyme disease spirochete (Anderson, 1988; Barbour and Fish, 1993) . In fact, museum deer tick specimens collected from Long Island have been shown to contain spirochetal DNA fragments . By the 1800s, with the clearance of vast tracts of land for agricultural use, both the tick and deer populations had been almost totally eliminated (Anderson, 1988; Barbour and Fish, 1993; Spielman et al., 1993) . It should also be noted that during the nineteenth and early 20th century, a non-life threatening disease such as Lyme disease would most likely have been obscured by the many more serious illnesses that were then facing North Americans (Barbour and Fish, 1993) .
It has only been in the latter part of this century that extensive reforestation has occurred throughout eastern North America. With the migration of large-scale farming to the Midwest, and the consequent abandonment of farms throughout the northeast, much of what was once agricultural land has been left to grow wild, creating a wealth of successional woodlots (Barbour and Fish, 1993; . At the same time, suburban developments, often favouring wooded lots and close proximity to natural areas, have become increasingly dense throughout eastern North America. In addition, increased restrictions on hunting have contributed, along with the more favourable environmental conditions created by changes in land use, to a resurgence in the deer population (Barbour and Fish, 1993) . Deer populations are now thought to be greater than ever before . In 1900, there were approximately 500,000 deer in North America. Today, there are estimated to be more than 30,000,000 (American Lyme Disease Foundation, 1998).
The mixture of open space, isolated woodlots, and dense forests that has been created through residential zoning laws and suburban development in the northeast of the United States has created a patchwork of habitat types that is ideal for the survival of the white-tailed deer . In addition, such circumstances have resulted in far greater contact between humans and deer (and consequently their ticks) than ever before. According to Amerasinghe et al. (1993) , the pattern of land use that has emerged in North America over the last half century "has resulted in a mosaic of woodland, edge vegetation, and home gardens that appear to have provided an ideal habitat for I. dammini and its zoonotic hosts" (p. 862).
Tick habitat (landscape characteristics favouring ticks)
Black-legged ticks are extremely sensitive to desiccation (Needham and Teel, 1991) , apparently unable to survive longer than 48 h at less than 80% relative humidity (Adler et al., 1992) . For this reason, they are restricted to moist habitats with a minimum of direct sunlight. They are primarily associated with the deciduous forests of temperate latitudes (Ostfeld, 1997) and are most often found in maple and oak habitats (Ostfeld et al., 1995) . Several studies have reported that black-legged ticks of all life stages are consistently found to be most abundant in wooded areas (Ginsberg and Ewing, 1989; Lane et al., 1991; Maupin et al., 1991; Adler et al., 1992; Carroll et al., 1992; Stafford and Magnarelli, 1993; Duffy et al., 1994; Ostfeld et al., 1995; Frank et al., 1998; Schmidtmann et al., 1998) . However, they are also found in a variety of other habitats throughout their range. Ginsberg and Ewing (1989) reported adult ticks to be most commonly found in high shrub habitats in spring and in the woods in fall. Nymphs were most common in woods where they were almost exclusively found in forest litter, but were also found in almost every other habitat sampled. Tick abundance in residential properties in New York state was found to be correlated with property size (Maupin et al., 1991) . Properties larger than 0.5 acres were more likely to contain woodlots, and as a result greater numbers of ticks. Ticks were less abundant in lawns and ornamental plantings regardless of the size of the property. The number of larval ticks on Great Island, Massachusetts, was found to be related strongly to the density of woody vegetation, and negatively to the density of herbaceous vegetation (Adler et al., 1992) . The number of white-tailed deer on the island was experimentally reduced after which the number of ticks was also substantially reduced.
Ticks were found to be five times more abundant on lawns adjacent to woods than on lawns adjacent to other lawns (Carroll et al., 1992) , and the relative abundance of nymphal ticks decreased with distance from the edge of the woods. Ticks found in the lawn in a residential neighbourhood were just as likely to harbour the Lyme disease bacterium as were ticks found in the woods. Stafford and Magnarelli (1993) reported that the majority of ticks that they recovered from lawns were within 1m of the lawn edge, while most of the ticks found in wooded areas were more than 3m from any defined edge.
In southeastern New York state, ticks were found to be most common in maple and oak habitats, and least common in hayfield habitat type (Ostfeld et al., 1995) , while ticks in Wisconsin were found to be most often associated with wooded areas, remote pastures, and ungrazed woodlands, and to be uncommon in farmhouse yards and practically non-existent in agricultural fields (Schmidtmann et al., 1998) .
These studies on tick habitat provide valuable insight into where and when people are most likely to encounter infected ticks in the landscape. This information should inform planning and design so that appropriate land use decisions can be made, but in its present form is difficult to use. The following process should facilitate that use.
Considering Lyme disease in landscape decisions
Literature on the ecology of Lyme disease and on the landscape planning and design process was used as a basis for the development of a three-part process for considering Lyme disease transmission in landscape development: a decision tree; a landscape features checklist; and design guidelines. Considered together, all three elements comprise a framework for the incorporation of Lyme disease prevention measures into the landscape planning and design process.
Decision tree
Basic categories of information essential to the determination of infectious disease transmission risk were identified from the literature and transformed into questions for the decision tree (Fig. 3) . The decision tree process was designed to fit within the 'inventory and analysis' phase of the landscape planning and design process. The decision tree outlines the key decisions that must be made to determine the level of risk posed by Lyme disease for a specific project, be it at the planning, design, or landscape management stage. The decision tree also provides guidance for the level of disease prevention that is appropriate, given the determined level of risk as well as factors such as level of use and site location. The decision tree itself is generic and can be used for other diseases, provided a specific landscape features checklist is developed.
Landscape features checklist
A landscape features checklist was developed specifically for Lyme disease. Landscape features that have been found in previous studies to be associated with Lyme disease transmission risk (Table 3) were identified and incorporated into the checklist.
The checklist (Table 4 ) is intended to be utilized during the site inventory and analysis stage of the landscape planning and design process. The checklist involves the collection of detailed site-specific information, hence being more applicable to the site design process than to the planning process. The checklist represents a summary of landscape features that have been demonstrated to be associated with the risk of Lyme disease transmission. The list is only as complete as current research in the field allows, and should be updated regularly as new information is discovered about the ecology of Lyme disease.
Further, the checklist should not be considered to provide a concrete determination of Lyme disease transmission risk for a specific site, but to act only as a guideline.
Those features that have consistently been shown in the literature to be associated with an increased risk of Lyme disease transmission have been judged to be high-risk factors (landscape features 1-7). Any site in a Lyme disease endemic area having at least one of these features present should be treated as high risk.
Landscape features 8-18 represent moderate risk factors. These features have been demonstrated in the literature to have some association with Lyme disease transmission risk, although not to the same extent as the high-risk factors. Moderate risk factors might be landscape features that have not been confirmed through multiple studies, or features that have been demonstrated through multiple studies to be associated with an intermediate degree of disease transmission risk. Landscape features 19-22 represent those features that are associated with a low risk for Lyme disease transmission, based on a preponderance of evidence in the literature. Further, any sites in endemic areas that do not contain any of the landscape features listed in the checklist may be considered of low risk. For example, such sites may consist of hard landscaping or coastal areas, landscapes that have not been demonstrated to be associated with Lyme disease transmission risk.
Guidelines for Lyme disease
The results of this study are a set of guidelines for those undertaking policy-making, planning, design (Table 5) , and management (Table 6 ) in areas with endemic Lyme disease. A similar set of guidelines could be developed for other infectious diseases that are associated with landscape features, such as malaria or schistosomiasis.
This set of guidelines was developed from information collected through an extensive literature review on the subject of Lyme disease and its transmission. Many of the studies that were reviewed contained recommendations for the reduction of exposure to the hosts and vectors of Lyme disease. These recommendations were compiled and used to develop concrete guidelines for landscape planning, design, and management. The recommendations for the management of Lyme disease transmission are categorized according to the stage of the design process to which they are most relevant. For example, recommendations relating to programming, site selection, and plant species selection are incorporated into planning and design guidelines. However, recommendations relating to site maintenance and operations are incorporated into management guidelines. The guidelines are also grouped into several broad categories relating to the aspect of the environment being manipulated. This is intended to facilitate the application of the guidelines. The categories are based on the aspects of the environment for which the majority of the planning, design, and management recommendations are identified in the literature.
The planning, design, and management guidelines presented in Tables 5 and 6 can be easily integrated into the existing planning and design process. The implementation of these guidelines represents a possible approach to mitigation, where an unacceptable risk of Lyme disease transmission is determined to exist.
These guidelines reflect the current state of knowledge concerning the relationship between Lyme disease transmission and landscape features, and should be reviewed and altered accordingly as new research dictates. The guidelines are most thorough in the areas of design and management, as the majority of research thus far has focused on site-scale relationships. Some recent research, including that of Ostfeld et al. (1995 Ostfeld et al. ( , 1996a Ostfeld et al. ( ,b, 1997 , and the work being undertaken by D. Fish and co-workers (e.g. Dister et al., 1997) , involves the examination of larger-scale associations between landscape and Lyme disease transmission and may soon provide additional direction for policy-makers and planners.
Recommendations for future research
The growing body of knowledge related to environment and health has the potential to be integrated into Geographic Information Systems and Remote Sensing Systems for use in planning and design. Models should continue to be developed that will provide simulations of the effects of various landscape planning, design, and management recommendations on the potential for disease transmission.
The success and appropriateness of the framework, features, and guidelines provided in this study should be tested. Landscape development in a Lyme disease endemic area that follows the recommendations of this study could later be tested through post-occupancy evaluation to determine effectiveness.
Research into the links between landscape and other diseases is desperately needed. Vast numbers of people continue to die every year from diseases such as malaria and schistosomiasis. Research on the links between these diseases and the landscape is critical and could have an immediate and positive impact.
Conclusion
Infectious diseases pose an increasing threat to human populations. There is a very strong connection between the organisms that cause these diseases, and the environment that the pathogens are increasingly sharing with people. Both human population growth and the expansion of human habitation areas are placing greater numbers of people into contact with pathogens. Landscape planning, design, and management can help to counteract this effect through careful and appropriate land use decisions. The information generated through this study is a first step towards the realization of this goal.
